A novel 2D toroidal plasma flow velocimetry has been developed using tomographic reconstruction technique. The 2D imaging of local (R-Z) toroidal velocity is achieved by the vector tomographic reconstruction technique and multi-chord 2D spectroscopy by 35-channel optical fiber array. Numerical simulation for reconstruction of bi-directional toroidal velocity profile suggests that the cost-effective arrangement of the optical fiber for a toroidal plane is 7. We installed the system with 7 × 5 chords arrangement to the TS-4 device. This system successfully measured 2D bi-directional toroidal velocity profile around X point with 10% accuracy during the counter-helicity magnetic reconnection experiment.
Introduction
The Doppler frequency shift is a popular remote sensing principle for various velocimetry. As a plasma diagnostics tool, the wavelength shift of the line-spectrum emission is widely used for measurement of plasma bulk flow. Unlike active spectroscopic techniques, such as LIF [1] or CXRS [2] , in passive Doppler spectroscopy, the measured spectral line signal is integrated over each line-of-sight. Furthermore, the target plasma for LIF must be relatively dense or slow and it is often unsuitable when microsecond time resolution is required such as laboratory fusion and astrophysical experiment. Then, recent laboratory experiment often neglects the plasma perturbation of direct insitu measurements, such as the ion dynamics spectroscopy (IDS) probe [3] inside the plasma but they should be used carefully for low temperature plasmas. To solve these problems of line-integrated effect for passive remote sensing, computer tomography has been widely used, initially for medical imaging of human body and recently for the measurement of physical parameter. In plasma diagnostics, remarkable success for ECE tomography of sawtooth crash in tokamaks [4] and 3D imaging of kink instability for magnetoplasmadynamic has been reported [5] .
However, for the application of tomographic reconstruction of plasma flow, the object of the reconstruction is not scalar but vector quantity. Then radon transform of author's e-mail: tanabe@ts.t.u-tokyo.ac.jp a) Research Fellow of the Japan Society for the Promotion of Science * ) This article is based on the presentation at the 22nd International Toki Conference (ITC22). the local profile is changed from L Vdl to L V · dl ( Fig. 1 : vector radon transform), proper inversion technique is required [6] . In addition, plasma flow diagnostics by passive Doppler spectroscopy mostly uses Czerny-Turner Grating spectrometer having a slit which limits the spatial resolution to 1D. As a solution to these problems, this paper describes the novel 2D measurement of toroidal flow using vector tomography technique and 2D multi-chord spectroscopy system that was installed to TS-4 toroidal plasma. Section2 summarize the vector tomography technique for toroidal flow measurement. Section 3 describes a numerical simulation of the reconstruction method and Section 4 demonstrates this 2D diagnostic for the "toroidal sling shot" [7] during the magnetic reconnection experiment in TS-4.
Inversion Method

Description of toroidal flow velocity by potential function
To solve the vector tomography problem, it is convenient to describe a vector field by potential function. Generally, arbitrary vector field V(x, y) can be decomposed as follows by the Helmholtz decomposition theorem.
where Φ and Ψ are the scalar and vector potential functions, while gradΦ and rotΨ are the solenoidal and irrotational parts of V, respectively. For line-integrated Doppler spectroscopy measurement, the first term contributes as spectral broadening and the second term does as the bulk Doppler shift. In axisymmetric torus plasma, toroidal flow velocity V θ can be described by the Z component of the vector potential Ψ = ψe z [8] . Then, for the toroidal flow measurement geometry, the vector field reconstruction problem is converted (simplified) to a scalar tomography problem to reconstruct the potential function ψ.
The reconstruction of the Z component of the vector potential ψ uses the constraints
Then, using the Abel inversion to L ψdl,
Finally, taking the curl of the potential ψ, toroidal rotation profile is described as follows.
Spectral moment analysis for "lineintegrated" Doppler shift evaluation
In the Doppler spectroscopy measurement, the vector tomography analysis needs proper data input format. The spectral peak shift obtained by the Gaussian fitting is precisely not L V · dl and the local line spectra are integrated through the sight line of the detector as following.
Here, n is a normalized line-of-sight vector and σ D is line broadening (FWHM = 2σ D (r) √ 2ln2). The spectral peak shift of the line-integrated spectra f (r, λ) is line-averaged Doppler shift with the weight of emission and is not the proper input parameter for the tomographic reconstruction.
For a proper inversion, we introduce spectral moment
The zeroth moment is the line-integrated emission and the first moment is the line-integrated Doppler shift with the weight of emission. Then, 0 (r)V(r) is obtained by applying the vector tomography reconstruction for μ 1 (y): the first moment of the measured spectra in each viewing chord. In spectroscopy measurement, f (y) is μ 1 (y), then radial vector potential profile ψ(r) to describe 0 (r)V(r) is obtained by substituting μ 1 (y) for f (y) in eq. (5)
The weight 0 (r) is also measured by using scalar tomography for the zeroth moment.
Finally, the toroidal velocity profile V(r) is reconstructed as follows:
Estimation of the Number of Cost-Effective Viewing Chords
The verification of the reconstruction technique was numerically tested by Balandin in 2001 [6] . Here we evaluate the number of cost-effective viewing chords for the possible velocity profile in our TS-4 plasma merging experiment to construct 2D toroidal flow measurement.
• Model 1: toroidal sling-shot velocity profile [9] • Model 2: parabolic toroidal velocity profile [10] For the simulation, spectral resolution is set as 0.00118 nm/pixel, T i = 20 eV, wavelength is 434.80635 nm (ArII) and the maximum velocity is set as 20 km/s. To set the test profile for the two velocity profiles, we use the 2405088-2 following mathematical model,
A = −2.5 × 10 6 , σ = 75, r Xpoint = 430,
Then, line-integration of the spectral signal is performed by eq. (8) and the constraints of vector Radon transform is described using eq. (9). Figure 2 is the result of the simulation for both two models with 20 or 7 chords measurement. The velocity profile of the model 1 and 2 are shown for "model" (test profile), "line-average" (measured by the Gaussian fitting of the chord-integrated spectra) and "reconstruction", respectively. For the discrete chord tomography measurement, the line-integrated Doppler shift (first moment) μ 1 (y) is precisely μ 1 (y n ) (n = 1,2,3...) and it is interpolated before using eq. (13). Then, the accuracy of the interpolation depends on the number of viewing chords and the structure of the target velocity profile. The numerical instability near the boundary (r ∼ R edge ) is caused by 0 (r) which is ∼ 0 near the edge in eq. (16). Therefore, reconstructed result must be adopt in the region 0 (r) > 0 by referring the result of eq. (14).
The difference between exact and reconstructed V θ (r) is evaluated quantitatively by the following formula [8] :
where V θ k and V θ k are the assumed and reconstructed toroidal velocity at the kth nodes of the grid and the summation covers all grid points in the following range which satisfies the constraint of 0 (r) > 0. The reconstruction error Δ is suppressed by increasing the spatial resolution of the line-integrated projection measurement, while tends to saturate once it goes less than 10%. This characteristics suggests the existence of cost-effective solution to upgrade the local diagnostics to 2D with limited chords spectroscopy measurement. For example, in our spectroscopy measurement application, the number of viewing chords is limited to 35 [11] . To apply it to a 2D measurement, possible 2D (R-Z) resolution is 7 × 5, 8 × 4 and so on. When the target measurement range is 182 mm < r < R edge , 8 × 4 system or more resolution for radial resolution is required to suppress Δ < 15%. While if 303 mm < r < R edge is enough, 7 × 5 system can still work less than 10% error.
Experiment
2D Doppler tomography system
A 35 core optical fiber array (core width 230 μm) coupled with 7 × 5 (R × Z) lenses collecting the 2D projection of plasma emission was used to make the 2D (R-Z) measurement of the toroidal flow velocity profile. In order to suppress the reconstruction error to less than 10% for the 7 chords toroidal measurement, the line-of-sight position is set as follows:
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2D toroidal sling-shot measurement during counter helicity merging in TS-4
To demonstrate the 2D toroidal flow measurement, the vector tomography technique was applied for the counterhelicity spheromak merging experiment in TS-4. The toroidal sling-shot effect of magnetic reconnection generates a bi-directional toroidal flow structure around the Xpoint [10] . Alfven velocity for the experimental condition (n e ∼ 1 × 10 20 m −3 and toroidal component of reconnecting field B t ∼ 0.02 T) is ∼ 20 km/s for hydrogen plasma with 10% impurity argon. Figure 4 is the measured 2D toroidal flow velocity and magnetic field profile. With the time scale of 10-20 μs, localized toroidal acceleration develops as a 2D global structure and sub-Alfvenic acceleration is observed. The experimental error mostly comes from the grating smile calibration error caused by the small oscillation of the optics inside spectrometer with ∼ ±2 pixel ∼ ±1.6 km/s. The numerical instability near the peripheral region is removed by adopting the result only inside the core region 303.8 mm < r < 680 mm.
Conclusion
A novel 2D toroidal flow imaging system has been developed by the application of 2D multi-chord spectroscopy to the vector tomography technique. The numerical simulation suggests the existence of cost-effective solution for a target velocity profile. For the measurement of toroidal acceleration in counter-helicity merging experiment in TS-4, reconstruction error can be suppressed to less than 10% to set 7 viewing chords in 303.8 mm < r < 680 mm. Although the spatial resolution of this proposed method is less than the J. Howard's coherence imaging technique [12] , it should be noted that the proposed 2D measurement allows to use a standard spectroscopy instrument, Czerny-Turner grating spectrometer with flexibility for wavelength and high spectral resolution, for 2D imaging application.
